Introduction {#sec1-1}
============

After the description by Becker and Kiener in 1955 in affected families, the discovery by Monaco et al. ([@ref1]) of the dystrophin gene (*DMD*) and the diagnostic use of dystrophin protein testing led to a drastic re-consideration of clinical phenotypes associated with deletion or duplication of the dystrophin gene: several different clinical entities were described associated with different prognosis according to the localization of mutation and residual amount of dystrophin protein ([@ref2], [@ref3]). Among these phenotypes, there are patients with cramps and myalgia, myoglobinuria, mild myopathy, quadriceps myopathy, late-onset myopathy, X-linked dilated cardiomyopathy ([@ref2], [@ref3]). It is not uncommon to find in diagnostic procedures patients with a deletion in the dystrophin gene that have normal muscle strength and endurance, but present high CK, and so far their follow-up and treatment recommendations are still a matter of debate. Patients with early cardiomyopathy are also a possible variant of BMD ([@ref4], [@ref5]) and may be susceptible either to specific drug therapy and/or to cardiac transplantation ([@ref6]). Here we cover emerging therapies considering follow-up, and exemplifying some phenotypes and treatments by a few study cases.

Pathophysiology and rationale of therapeutic targets {#sec1-2}
====================================================

All patients with dystrophin of abnormal quantity or size have clinical manifestations compatible with BMD range of phenotypes and their diagnostic traits have been identified ([@ref9]). In addition to classical BMD cases, on the basis of *DMD* gene mutations or dystrophin protein abnormality it is possible to diagnose a number of "preclinical" or "asymptomatic" cases.

Following them for decades as atypical cases, most "asymptomatic" BMD patients show less ability in term to run or perform Gowers' maneuver, episodes of myoglobinuria or fatigability. This progression is mainly to be attributed to two patho-mechanism factors:

-   **inflammatory cytokines** and TNF-alpha-induced microRNAs control dystrophin expression ([@ref10]). Inflammatory cells could play a role in microRNAs induction and cross talk, and likely the microRNA pattern could not only be a signaling of NF-kB pathway but also play a role in promoting myogenesis, differentiation and muscle regeneration ([@ref11]);

-   **oxidative stress** refers to an imbalance between the generation of free radicals- chemical species with a high reactivity and instability of oxygen (Reactive Oxygen Species, ROS) and nitrogen (Reactive Nitrogen Species, RNS), and the activity of the antioxidant defense systems ([@ref12]). Among the ROS that are mainly generated during the mitochondrial electron transport chain, the superoxide anion, the hydrogen peroxide, and the hydroxyl radicals are the most studied.

The nitric oxide (NO) and the peroxynitrite are the most known among the RNS. The NO, a low reactive molecule that can become toxic forming peroxynitrite in the presence of superoxide anion, is synthesized by the enzyme NO synthase (NOS), among which isoforms there is the neuronal NOS (nNOS), localized in the sarcolemma of muscle fibers and deemed to be the main producer of RNS ([@ref12]). Increasing levels of both ROS and RNS can damage different intracellular macromolecules, such as lipids, proteins, and nucleic acids ([@ref13]). In particular, lipids of the sarcolemma are frequently attacked in a process called lipid peroxidation ([@ref14]) and, for this reason, the products of lipid peroxidation are often used as biomarkers of oxidative stress ([@ref12]).

Among therapeutic targets of metabolic pathways involved in muscle plasticity, there are increasing utrophin ([@ref15]), NO ([@ref16]), and inhibiting ROS and RNS ([@ref17], [@ref18]).

Case reports ([Tab. 1](#table001){ref-type="table"}) {#sec1-3}
====================================================

Case 1 {#sec2-1}
------

This 15-year-old boy presented with muscle weakness, high CK levels, recurrent myoglobinuric episodes, scoliosis, calf hypertrophy, waddling gait, pes cavus, and thigh hypertrophy. He was found to carry a novel missense variant p.Thr160Pro in exon 6 of *DMD* gene, dystrophin protein was of normal molecular weight but reduced to 10% of controls. CK levels ranged between 2930-3479 U/L. He developed an early and severe form of dilated cardiomyopathy, which required cardiac transplantation at age 25 years ([Fig. 1A](#fig001){ref-type="fig"}). He was then closely followed both by cardiologist and neurologist. Since the heart transplant, he has been treated with 160 mg cyclosporin, 75 mg azathioprine, 20 mg prednisone daily, and has been followed once a year. He first presented some gait improvement and followed aerobic rehabilitation at home, as well as in a rehabilitative hospital. At age 35 he was able to perform a 6-meter walking test (6MWT): at two minutes he walked 50 m, and at 6 minutes 160 m. He had some behavioral problems, but was still able to work as a telephone operator. At last examination, he could stand, but walked only few steps; he was referred by family relatives to present rage tempers, but then he started coping with disease limitations and required drugs.

Case 2 {#sec2-2}
------

At 4 years of age this child had onset of calf myalgia with cramps and CK levels ranging between 1400-8630 U/L. He was treated for 5 months with 50 mg prednisone without a clear benefit during his early teens. A muscle biopsy performed at 10 years of age showed active degeneration and regeneration foci, and a few inflammatory cells. By immunohistochemistry, there were many fetal myosin positive fibers (regenerating fibers). Immunoblot analysis showed normal quantity of an abnormally large dystrophin (600 kDa) as compared to normal size (427 kDa), originated by a duplication in the *DMD* gene involving exons 14-42([@ref19]). Clinical severity was mild. In the subsequent follow-ups, he discontinued prednisone treatment, was able to walk, but presented a definite deterioration, was apparently weak with persistent cramps and walking difficulty. He presented also ECG changes, such as right bundle branch block, increased R/S ratio and T-wave abnormalities. This case is interesting because it demonstrates that an enlarged dystrophin molecule is only partially functional and causes progressive weakness.

Case 3 {#sec2-3}
------

This patient was an hyperactive child. He started walking at 14 months of age. He suffered from stuttering and headache and was seen as "lazy" respect to peers. A muscle biopsy showed abnormal dystrophin, due to a deletion of exons 48-49 in the *DMD* gene. He then presented restrictive ventilatory dysfunction and elevated CK (3600 U/L), and had to leave elementary school for his poor performance. At 9 years he was able to raise from floor with one hand. At age 19 he was still reported as "nervous" and presented joint contractures, normal limb strength and grip, but weakness of extrarotator upper limb muscles and curved shoulders. On spirometry, forced vital capacity was 89%. He presented easy fatigability during cycling and elevated CK levels (1003 U/L). On echocardiography, left ventricular ejection fraction was 54-55%. This pauci-symptomatic patient did not follow any drug treatment.

Case 4 {#sec2-4}
------

This child had high CK but presented normal muscle strength, and had only slight scapular winging and calf hypertrophy. A muscle biopsy showed few hyper-contracted fibers. Genetic analysis showed a deletion of exons 47-49 in *DMD* gene. At last examination, CK levels were moderately increased (656-919 U/L), and he could perform normal sporting ability and occasionally mountain climbing. Echocardiography showed altered diastolic relaxation and left ventricular ejection fraction was 50-51%.

Case 5 {#sec2-5}
------

This 16-years-old boy (with a brother affected with severe cardiomyopathy who had died two years after cardiac transplantation) suffered from myalgia, recurrent myoglobinuric episodes, CK = 1700 U/L, and dilated cardiomyopathy. At age 32 years he had no muscle weakness and muscle biopsy showed dystrophin of normal molecular weight but severely reduced amount (5% of controls) caused by a splicing mutation in 5'-UTR region of *DMD* gene ([@ref20]). The severity of cardiomyopathy progressed and he required a cardiac transplantation. This is a rare case of X-linked dilated cardiomyopathy caused by a mutation in the 5'-end of the *DMD* gene, leading to the absence of the muscle-promoter and the first exon of *DMD* gene, resulting in no dystrophin transcript in the cardiac muscle alone, whereas two alternative promoters were active in skeletal muscle (brain and Purkinje-cells promoters) and expressed sufficient dystrophin to prevent muscle symptoms ([@ref21]).

Case 6 {#sec2-6}
------

Since age 5 years this boy presented difficulty running and at age 11 years he had difficulty walking. Spirometry and echocardiography were normal. At age 14 he had a waddling gait, proximal lower limbs hypotrophy, Achilles tendon retractions, and calf pseudo-hypertrophy. CK level was 1106 U/L (n.v. 10-80), EMG was myogenic. Muscle biopsy showed dystrophin protein of 370 kDa, 30% of controls, due to a deletion in exons 45-47 of *DMD* gene.

Since age 16 years he presented difficulty climbing stairs and since age 18 years he had difficulty performing aerobic exercises. He was then started on deflazacort 30 mg/10 days/month, that at age 28 was increased to 60 mg/10 days/month and associated to diphosphonate for bone osteoporosis.

At 28 years of age he was found to have a left ventricular enlargement, with ejection fraction 45%. He was started on ACE-inhibitors (2.5 mg Triatec) and β-blockers (Congestor 1.25 mg): after 15 years of this drug regimen, his left ventricular ejection fraction improved to 55%, and CK was 2794 U/L. At age 39 years, echocardiography showed left ventricle hypokinesia with dyastolic dysfunction (altered relaxation).

At age 44 years (after 26 years of steroid treatment), he presented calf pseudo-hypertrophy, was able to rise from floor putting hands on the table, he had proximal muscle weakness in iliopsoas, semitendinosus, semimembranosus 3/5, quadriceps 4/5, triceps 4/5, biceps 3+/5 (MRC), his overall muscle functions were stable, walking ability was preserved but waddling. Muscle MRI demonstrated fibro-fatty replacement of posterior thigh and calf muscles.

Case 7 {#sec2-7}
------

At 17 years of age he started having difficulty walking, had pes cavus and was first mis-diagnosed as affected with spinal muscular atrophy (Kugelberg-Welander syndrome). A muscle biopsy showed myopathic changes, dystrophin protein of 380 kDa, 60% of controls, due to a deletion in exons 45-49 of *DMD* gene. Since age 18 he was put on deflazacort (60 mg/alternate day) with improvement for about 7 years. Since age 25 he has difficulty climbing stairs requiring the use of handrail. At age 28 years he underwent cataract surgery. At age 24 echocardiography showed hypokinesia of left ventricle, with ejection fraction 55%.

Spirometry showed respiratory insufficiency, with FVC = 76%, compatible with slight restrictive ventilatory dysfunction. At age 33 years he had waddling gait, calf hypertrophy, weakness in ileopsoas, quadriceps and extrarotator muscles. CK was 459 U/L.

At age 37 he complained of limb pain: a spine MRI evidenced disc compression at L3-L4 and L4-L5 roots. The patient had also panic attacks and was treated with benzodiazepines, but continued alternate-day deflazacort with strength stabilization.

At age 38 years (after 20 years steroid treatment) he had waddling gait with lordotic posture, was able to raise from a chair using one hand, was able to raise from floor in 5-8 secs, muscle strength of ileopsoas and quadriceps was 4/5.

Genotype-phenotype correlations and prognostic features {#sec1-4}
=======================================================

The cases above reported show that there is a wide clinical variability for BMD, ranging from asymptomatic hyperCKemia with cramps/myalgia syndrome and myoglobinuria to proximal myopathy with cardiomyopathy.

Mutations in the *DMD* gene that do not alter the reading-frame (in-frame deletions/duplications) are usually associated with BMD phenotypes ([@ref22]). In general, mutations in the proximal region of the dystrophin gene (exons 2-10) are associated with early-onset and severe phenotype, while those in the proximal region of central rod domain (exons 11-43) are associated with mild or asymptomatic phenotype, and those in the distal region of central rod domain (exons 44-55) are associated with the classical phenotype ([@ref23]); we also observed a possible relationship between the presence of dilated cardiomyopathy and mutations in particular regions (exons 48-49, 5ʹ-region) ([@ref4], [@ref20]). Dystrophin immunoblot is the most important biochemical tool to diagnose patients even in the preclinical stage of the disease; this analysis is able to demonstrate the abnormality of dystrophin quantity and molecular weight, usually due to in-frame deletion/duplications in the *DMD* gene. For example, in young patients with high CK, a good prognosis can be entertained by dystrophin protein quantity over 70%. The clinician should not restrict the research to DNA genetic analysis, but prognostic assessment might need a muscle biopsy. Severe cases usually have less than 20% dystrophin protein amount, while mild cases with over 70% dystrophin would be late-onset ambulatory or even asymptomatic ([@ref2], [@ref3]).

Management of clinical manifestations {#sec1-5}
=====================================

Cardiac involvement {#sec2-8}
-------------------

Heart failure from dilated cardiomyopathy is a common cause of morbidity and the most common cause of death in BMD patients. Early diagnosis and treatment of cardiomyopathy is important for improving quality of life and maximizing patients' survival.

ENMC (European Neuro Muscular Center) recommendations include a yearly monitoring by ECG and echocardiography starting soon after diagnosis. The importance of a frequent cardiac surveillance also in BMD patients without or with minor muscle symptoms has been highlighted by the observation that a subclinical cardiac involvement is very frequent in such patients ([@ref5], [@ref6]), who may later develop an overt dilated cardiomyopathy requiring proper treatment.

The frequency of cardiac monitoring should be increased as directed by the cardiologist, with the onset of heart failure symptoms. Treatment of cardiac involvement in dystrophinopathy patients was pioneered by Nigro ([@ref24], [@ref25]) and described by Melacini ([@ref4]).

The consensus guidelines recommend initiation of angiotensin converting enzyme (ACE) inhibitors therapy with or without beta-blockers. Most cardiologists start treatment when the left ventricular ejection fraction drops below 55%. The possible preventive efficacy of ACE inhibitors was evaluated in a randomized trial of 57 children with BMD (mean age 10.7 years) who had a mean left ventricular ejection fraction of 65% ([@ref26]): the children were assigned to perindopril or placebo and treated up others. Survival for the perindopril and placebo groups was 93 and 66%, respectively.

The use of eplerenone in a combined cardioprotective therapy, was able to attenuate the progressive decline of left ventricular systolic function in Duchenne patients ([@ref27]), and, due to the absence of important contraindications, it has been suggested as a new drug to be used in future trials also in BMD patients, aimed at investigate its possible benefit as a cardiomyopathy treatment ([@ref28], [@ref29]).

When dilated cardiomyopathy evolves towards the stage of heart failure, this rapidly becomes intractable and cardiac transplantation is the only life-saving option. Heart transplant has so far only been reserved to BMD patients with both severe dilated cardiomyopathy and limited evidence of skeletal muscle disease ([@ref7]). Long-term follow-up of transplanted patients suggested that this procedure is able to consistently prolong life expectancy ([@ref8]), provided that the exact modulation of immunosuppressive dosage to avoid worsening of myopathy and the adoption of proper respiratory and muscle functional rehabilitation are pursued.

In the present series of cases, cardiac involvement was present in Cases 1, 3, 4, 5, 6 and it appeared as a prominent clinical feature in Cases 1 and 5, who successfully underwent cardiac transplantation.

Intellectual disability {#sec2-9}
-----------------------

Mental retardation (IQ \< 75) has been rarely reported in BMD patients ([@ref30]), possibly related to deletion mutations removing the Dp140 regulatory region of the *DMD* gene. However, some patients may present behavioral problems, panic attacks, language problem, hyperactivity and sometimes difficulty on fining adequate jobs (as in the present Cases 1, 3 and 7). Some of these difficulties might be attributed to social problems ([@ref31]), but the study of central nervous system involvement in BMD would need a large cooperative study.

Rehabilitative therapy {#sec2-10}
----------------------

A relevant aspect to consider when advising physical exercise in BMD patients is related their muscle metabolism. As known, the muscle fibers can be distinguished into two main categories ([@ref17]): type I fibers (slow), which predominantly use an oxidative metabolism and are predisposed for an aerobic work; and type II fibers (fast), which have a glycolytic metabolism and therefore are predisposed for an anaerobic work. There are also the type IIa fibers, that have intermediate characteristics between the oxidative fibers and the glycolytic fibers.

Furthermore, a characteristic of the muscle fiber is that it is endowed with plasticity, i.e. the ability to modify metabolism and physiological properties depending on external stimuli, especially exercise and drugs ([@ref18]). The transition from the fast fibers to the slow fibers of healthy muscles is not complete, and intermediate fibers characteristics predominate.

This transition may have crucial implications from a therapeutic perspective, since it has been demonstrated that the slow muscle fibers are more resistant to necrosis and, therefore, seem to be more spared in muscular dystrophies ([@ref17]).

Several researches are underway to identify which properties make the slow fibers more resistant to the dystrophic process. To date, it is known that these fibers: a) are characterized by an increase in the expression of utrophin, a protein with a structure similar to dystrophin and that can partially compensate for its deficiency ([@ref15]); b) releases less ROS; c) are more resistant to fatigue and, consequently, can be more resistant to the injury caused by extreme contractions; d) have a higher expression of the adenosine monophosphate activated protein kinase (AMPK), which protects the cells through different mechanisms, including the reduction of fibrosis by increasing the number of mitochondria. Overall, a better understanding of how the transition of fast fibers to slow fibers changes the metabolism and physiological properties of muscle will play an important role in the development of new treatment options for muscular dystrophies.

A better understanding of the disease process and progression, including comorbidities and complications, is mandatory for a comprehensive and individually-tailored planning and monitoring of rehabilitative activities. This will also shed lights on the intrinsic properties of the dystrophic muscle to respond to different interventions, possibly involving the enhancement of the residual motor activities and adaptive plastic changes in response to fiber loss. Interestingly, multimodal integrated interventions targeting both perception abilities and motor skills have been shown to be effective also in other clinical contexts ([@ref32]). In particular, it has been demonstrated that motor learning and memory mediated mechanisms of plasticity might underlie the improvement of hand motor coordination, speed-accuracy, and fine motor performance in some neurological disorders.

The loss of nNOS may cause functional ischemia contributing to skeletal and cardiac muscle cell injury. The effects of NO is augmented (by inhibiting degradation of cGMD) by the use of sildenafil and tadanafil. Although promising results have been observed using these drugs in dystrophinopathy animal models, the effects in Duchenne and Becker patients have been disappointing, with minor effects on upper limb performance and none on ambulation ([@ref16]).

Endurance training has been demonstrated to be a safe method to increase exercise performance and daily function in BMD patients ([@ref33]), suggesting the usefulness of an active approach to rehabilitation ([@ref34], [@ref35]).

Prevention of other secondary complications {#sec2-11}
-------------------------------------------

To avoid respiratory complications, pneumococcal and influenza annual immunization, as well as annual spirometry is recommended. In patients presenting a decline of forced vital capacity leading to respiratory insufficiency, supportive respiratory aids should be offered when necessary.

Other complications in BMD are joint contractures (pes cavus was reported in 15-70% of cases, and it was present in Cases 1 and 7), which can be prevented by physical therapy to promote mobility and reduce cramps and muscle fatigue.

A proper control of dietary intake is necessary to avoid obesity and reduce the risk of bone fractures (diet rich in vitamin D and calcium).

Current and future therapies {#sec1-6}
============================

Medical treatments {#sec2-12}
------------------

Anti-inflammatory steroid therapy have been so far adopted in BMD patients, since steroids improve muscle strength and function. Steroids are the most relevant available treatment, and we present our experience in this patients series.

Long-term treatment with deflazacort on intermittent schedule has been used in two patients in the present series (Cases 6 and 7), in whom we have been able to obtain an initial improvement, followed by stabilization of the patient condition, with preservation of muscle function and prolongation of walking ability. Furthermore, this therapy is expected to maintain upper limb muscle strength, and delay the decline of respiratory and cardiac function, although this field needs further investigations. Prednisone was less successful, since both patients (Cases 1 and 2) had muscle strength deterioration, although other comorbidities such as cardiomyopathy were relevant clinical features. The two drugs had different cardiological and side effects. Steroid treatment may be continued on a long-term basis if side effects (weight gain, increased risk of bone fractures, cataract, behavioral changes) are not severe, and the schedule and dosage of treatment should be changed and personalized if necessary.

Givinostat, anti-fibrotic agent, is under trial with a morphological outcome.

Emerging molecular therapies: personalized medicine and future directions {#sec2-13}
-------------------------------------------------------------------------

The field of dystrophinopathies has seen an unprecedented advancement in the field of new molecular therapies in the last two decades. Most of them aim to the molecular correction of dystrophin deficiency in selected series of patients with specific mutations. A series of antisense oligonucleotides (AON), such as eteplirsen, have been demonstrated to be able to induce specific exon skipping during splicing, to correct the open-reading-frame, and to restore dystrophin production ([@ref36]). This potential of this therapy has been so far investigated in Duchenne muscular dystrophy patients, showing beneficial results ([@ref37]), but not in BMD patients. Unfortunately, most of the molecular defects in BMD concern the quantity and quality of dystrophin and are not amenable to correction.

The CRISP/Cas9 technique, which has been shown to partially restore dystrophin expression in cardiac and skeletal muscle in dystrophinopathy mouse model by removing the noncoding introns that flank the mutation-containing exon ([@ref38]), could be applied in BMD patients, especially in those bearing a gene duplication.

Conclusions {#sec1-7}
===========

The clinical heterogeneity of BMD is extreme, with patients presenting only with cramps/myalgia syndrome and high CK, other recurrent myoglobinuric episodes, while loss of strength is usually seen in the typical cases. A good term to define this heterogeneous group of disorders/phenotypes is *mild dystrophinopathy*.

Since some cases have a predominant heart phenotype, their cardiac prognosis is crucially determined by an adequate treatment aimed to prevent cardiac failure and death. In selected patients, cardiac transplantation may be offered as a life-saving therapy, which is able to considerably prolong life expectancy.

Although new molecular therapies are emerging as a future way to systemically treat dystrophin deficiency, at the moment no curative treatments are available, and we can only treat symptoms, such as muscle functional impairment with steroids, heart failure with specific drugs and transplantation, joint contractures with physical therapy.

However, to obtain a long survival, it is of crucial importance that patients with BMD stay in shape and continue to use their muscles. This can include physical therapy treatment and aerobic exercise, which are directed to maximize muscle function.

Figures and tables {#sec1-8}
==================

![The patient (Case 1) after cardiac transplantation uses the handrail in descending stairs. Note hypotrophy of quadriceps muscle.](am-2019-03-172-g001){#fig001}

###### 

Clinical and molecular features in the present BMD patient series.

  Clinical feature                     Case 1             Case 2           Case 3          Case 4          Case 5         Case 6                                  Case 7
  ------------------------------------ ------------------ ---------------- --------------- --------------- -------------- --------------------------------------- --------------------------------------------------------
  Dystrophin protein                   427 kDa, 10%       600 kDa, 100%    n.d.            n.d.            427 kDa, 5%    370 kDa, 30%                            380 kDa, 60%
  Dystrophin gene mutation             Missense p.T160P   Dupl. ex.14-42   Del. ex.48-49   Del. ex.47-49   Point 5'-UTR   Del. ex.45-47                           del. ex.45-49
  Age at onset (yrs)                   15                 4                9               Childhood       16             5                                       17
  Cramps/myalgia                       No                 Yes              No              No              Yes            No                                      No
  Myoglobinuria                        Yes                No               No              No              Yes            No                                      No
  Fatigability                         Yes                No               Yes             No              No             Yes                                     No
  Calf hypertrophy                     Yes                Yes              No              Yes             No             Yes                                     Yes
  Pes cavus                            Yes                No               No              No              No             No                                      Yes
  Joint contractures                   No                 No               Yes             No              No             Yes                                     Yes
  Cardiac involvement                  +++                +/-              \+              +/++            +++            ++/+                                    \+
  Left ventricular ejection fraction   n.r.               n.r.             54-55%          50-51%          34%            45-55%                                  55%
  Cardiac transplantation              At 25 yrs          No               No              No              at 32 yrs      No                                      No
  CK levels (U/L)                      2930-3479          1400-8630        1003-3600       656-919         488-1700       1106-2794                               459
  Forced vital capacity                n.d.               n.d.             89%             n.d.            n.d.           Normal                                  76%
  Mental/behavioral changes            Yes                No               Yes             No              No             No                                      Yes
  Steroid treatment                    Prednisone         Prednisone       No              No              No             Deflazacort                             Deflazacort
  Duration of steroid treatment        10 years           5 months         \-              \-              \-             26 years                                20 years
  Effects of steroid treatment         Initial benefit    No benefit       \-              \-              \-             Functional stabilization on long-term   Initial benefit, functional stabilization on long-term

N.d.: not determined; N.r.: not reported
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